Plants exploit ubiquitination to modulate the proteome with the final aim to ensure environmental 3 adaptation and developmental plasticity. Ubiquitination targets are specifically driven to 4 degradation through the action of E3 ubiquitin ligases. Genetic analyses have indicated wide 5 functions of ubiquitination in plant life, nevertheless despite the large number of predicted E3s only 6 few of them have been characterised so far, and only few ubiquitination targets are known. In this 7 work we characterized TdRF1 (Triticum durum L. RING Finger 1) as a durum wheat nuclear 8 ubiquitin ligase. Moreover, its barley homologue was shown to protect cells from dehydration 9 stress. A protein network interacting with TdRF1 has been defined. The transcription factor 10 WBLH1 was degraded in a TdRF1-dependent manner through the 26S proteasome in vivo, the 11 MAP kinase TdWNK5 was able to phosphorylate TdRF1 in vitro, and the RING finger protein 12 WVIP2 was shown to have a strong E3 ligase activity. The genes coding for the TdRF1 interactors 13
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The author responsible for distribution of materials integral to the findings presented in this article 10 in accordance with the policy described in the Instructions for Authors 11 (http://www.plantphysiol.org/) is Elisabetta Mazzucotelli (elisabetta.mazzucotelli@entecra.it) 12 13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50 INTRODUCTION  1  2 Plants are sessile organisms that must cope with their surrounding environments, thus 3 stresses such as drought, soil salinity, or extreme temperatures represent common events during 4 their life cycle. These unfavorable conditions limit plant growth and development and strongly 5 threat crop productivity, preventing the expression of the full genetic potential of cultivars. At 6 molecular level, upon plant exposition to stress a plethora of genes are up-or down-regulated to re-7 organize the metabolic fluxes leading to plant adaptation as a final result. These responses provide 8 plants with the capacity to avoid or mitigate the effects of stresses. Besides gene transcriptional 9 changes, cells have evolved other types of molecular responses such as post-translational 10 modifications of key proteins (Mazzucotelli et al., 2008) . Among them, protein phosphorylation and 11 ubiquitination are key components of the molecular response to different types of abiotic stresses. 12
These modifications are implicated in signal transduction, positive and negative regulation of the 13 response, and cross connections between different signaling pathways and stress responses. The 14 rapid and precise activation or inhibition of regulatory proteins is essential for the coordination of 15 an array of physiological responses to cope with different stresses and to ensure a tightly controlled 16 regulation of cellular changes induced by stress intensity and duration. 17
During ubiquitination, proteins are labeled with ubiquitin units through the sequential action 18 of three enzymes: an ubiquitin activating enzyme (E1) activates the ubiquitin moiety in an ATP-19 dependent reaction, an ubiquitin conjugating enzyme (E2) conjugates the ubiquitin, and finally the 20 ubiquitin ligase enzymes (E3) specifically recruit the target proteins to covalently attach ubiquitin 21 (Hershko and Ciechanover, 1998) . Poly-ubiquitinated proteins are then targeted to the proteasome, 22
where deubiquitinase activities remove the poly-ubiquitin chain and the 20S core proteases degrade 23 the target protein (Smalle and Vierstra, 2004) . The ubiquitination pathway is highly conserved in all 24 eukaryotic cells (Dye and Schulman, 2007; Hunter, 2007) . In plants, protein degradation mediated 25 by ubiquitination regulates nearly every cellular process including abiotic or biotic stress responses, 26 circadian rhythms, cell cycle, and cell differentiation (Dreher and Callis, 2007; Trujillo and Shirasu 27 2010; Lee and Kim, 2011) . 28
In this ubiquitin-dependent labeling, the specificity of the system is ensured by E3 ligase 29 enzymes. Different types of E3 ubiquitin ligases have been described, from E3s acting as monomers 30 to E3 multisubunit complexes. Genomic analyses revealed that more than 1400 Arabidopsis 31 (Arabidopsis thaliana) genes encode E3 enzymes or subunits. Among them, the RING-finger 32 proteins (Really Interesting New Gene) and the SCF (Skp, Cullin, F-box containing) protein-33 complex subunits are predominant (Smalle and Vierstra, 2004; Mazzucotelli et al., 2006) . Several 34 studies have shown that E3-mediated protein degradation plays a key role in plants, controlling 35 various cellular processes including hormonal responses (Jurado et al., 2010; Zhang et al., 2007) , 1 light response (Wang and Deng, 2003; del Pozo et al., 2002) , circadian rhythm (Nelson et al., 2 2000) , flowering process (Wang et al., 2003) , pathogen resistance (Devoto et al., 2003; Li et al., 3 2011) , sugar response (Huang et al., 2010) , intracellular trafficking, vacuole biogenesis (Isono et al., 4 2010 ) and cell division (del Pozo et al., 2006; Jurado et al., 2008 Jurado et al., , 2010 among others. 5 RING E3s have been found to regulate specific molecular responses by targeting critical 6 elements. For instance in the response to abiotic stress, the Arabidopsis RING ubiquitin ligase 7 DRIP1 (DREB2A-Interacting Protein1) acts as negative regulator of drought response mediating 8 the ubiquitination and the degradation of DREB2A (Qin et al., 2008) . The RING-finger protein 9 HOS1 (High expression of OSmotically responsive gene) is induced during cold exposure to exert a 10 negative control of the stress response (Ishitani, et al., 1998) through the ubiquitination of the key 11 transcription factor ICE1 (Inducer of CBF Expression 1) (Dong et al., 2006) . In addition there are 12 several examples of RING E3 ligases with a pivotal role in the regulation of stress response, as well 13 as in processes related to growth and development, thus ensuring the connections among different 14 pathways. For instance, OsDSG1 (Delayed Seed Germination 1) participates both in stress response 15 and seed germination (Park et al., 2010) . OsBIRF1 (BTH-induced RING finger protein 1) is a rice 16 RING protein with pleiotropic effects on growth and defense response against multiple abiotic and 17 biotic stresses (Liu et al., 2008) . 18
The E3 ligase activities are, themselves, finely regulated through several mechanisms: changes in 19 the expression of the corresponding mRNAs (Mazzucotelli et al., 2006) , induction of multiple splice 20 variants (Mastrangelo et al., 2005 , Gingerich et al., 2005 , miRNA-mediated gene silencing (Sunkar 21 et al., 2007) , and phosphorylation status (Pedmale et al., 2007) or ubiquitin-mediated degradation 22 (Jurado et al., 2010) . 23
Genetic analyses have indicated the wide functions of ubiquitination in plant life, 24 nevertheless despite the large number of predicted E3s only few of them have been characterised so 25 far for their possible functions, and only few ubiquitination targets are known (Liu et al., 2010) . 26
Indeed, identification of E3 target proteins remains the most intriguing and poorly addressed aspect 27 of the ubiquitination pathway. This work demonstrates that the durum wheat (Triticum durum L.) 28 protein TdRF1 (formerly 6g2 in Mastrangelo et al., 2005) is an E3 ubiquitin ligase that protects 29 cells from dehydration stress. Then, a network of proteins interacting with TdRF1 and encoded by 30 stress responsive genes has been defined: the MAP kinase TdWNK5 was able to phosphorylate 31
TdRF1 in vitro, the transcription factor WBLH1 was degraded in a TdRF1-dependent manner 32 through the 26S proteasome in vivo, and the RING finger protein WVIP2 was shown to have a 33 strong E3 ligase activity. 34 5), probably due to a residual E2 activity co-purified with the E1, which has an eukaryotic cell 23 origin. A similar behavior was shown for the Arabidopsis PUB17 E3 ligase (Yang et al., 2006) . 24
Taken together, these results confirm that TdRF1 is a functional E3 ubiquitin ligase enzyme in 25
vitro. 26 27

TdRF1 is a nuclear localized E3 ligase 28
When the protein sequence of TdRF1 was analyzed with the WoLFPSORT program (a 29 WEB tool for the prediction of protein subcellular localization, http://wolfpsort.org/), a nuclear 30 localization was suggested. To verify this prediction, TdRF1 was subcloned in frame with the gene 31 of the Green Fluorescent Protein (GFP) into an expression vector under the control of the CaMV 32 35S promoter. The construct was then introduced into onion epidermal cells through particle 33 bombardment and the subcellular localization of TdRF1-GFP was visualized by an epifluorescence 34 microscope. Onion cells transformed with the vector expressing GFP alone, as a control, showed 1 green fluorescence throughout the cell (Figure 3 , GFP panels). In contrast, onion cells expressing 2 TdRF1-GFP showed the green fluorescence localized only in the nucleus indicating the nuclear 3 localization of TdRF1 protein (Figure 3 , TdRF1-GFP panels). 4
5
Identification of TdRF1 protein interactors 6
The activity of the E3 ubiquitin ligases depends on their ability to interact with other 7 proteins of the ubiquitination machinery and to recruit the target protein(s). Therefore, the 8 identification of these components and targets is an essential step toward the understanding of the 9 role of each E3 ubiquitin ligase. In this work, we have carried out a yeast two hybrid screening to 10 identify TdRF1 interacting proteins. 11
A wheat cDNA expression library was developed using mRNA from T. durum cv. Ofanto 12 seedlings exposed to 3°C for 6h, the same condition in which the TdRF1 transcript was previously 13 isolated (Mastrangelo et al., 2005) . The screening of 8x10 6 yeast clones led to the identification of 14 three different clones. They did not show any interaction in the auto-activation assay. The putative 15 interactors were subsequently confirmed by retransformation assay. These clones were sequenced 16 and identified based on sequence-similarity searches with BLASTN or BLASTX software at NCBI 17 and TIGR databases. The following proteins were identified: i) WBLH1 (Wheat BEL1-type  18 Homeodomain), a previously described wheat homeodomain protein (Mizumoto et al., 2011) (Wang et al., 2007) . 23
According to the sequence information reported in TIGR and NCBI databases, the cDNA 24 sequences recovered from the yeast two hybrid screening were not full length. Eight amino acids at 25 the N terminus on a total length of 435 were missed in WVIP2; WBLH1 was 306 amino acids 26 shorter at the N terminal on a total length of 771; TdWNK5 was both N-and C-terminus truncated 27 with 11 and 85 amino acids missing, respectively, on a total length of 641. Nevertheless, as verified 28 by in silico analysis (Supplemental figures 1, 2, 3), the isolated WVIP2 and TdWNK5 sequences 29 harbor all the functional and structural domains typical of the respective encoded proteins. Even the 30 short sequence of WBLH1 harbors the complete coiled coil domain and the homeodomain typical 31 of the encoded protein according to Müller and coworkers (2001) . Thus, on the basis of these 32 observations all the subsequent experiments were carried out with the proteins encoded by the 33 fragments recovered through the yeast two hybrid screening and characterized by the following 1 molecular mass: 50 kDa for WBLH1, 61 kDa for TdWNK5 and 47 kDa for WVIP2.  2   To further verify the interaction between TdRF1 and the putative interactors, pull-down  3   experiments were performed with the following recombinant proteins: MBP-TdRF1, GST-WBLH1,  4 GST-WVIP2 and GST-TdWNK5. MBP-TdRF1 protein was expressed in E. coli and purified with 5 amylose beads. Then, MBP-TdRF1 beads were incubated with total protein extract from E. coli 6 cells expressing GST-WBLH1, GST-WVIP2 or GST-TdWNK5. After several washing steps, 7 pulled-down proteins were resolved by SDS-PAGE and immunoblotted with an anti-GST antibody. 8
As shown in Figure 4 , GST-WBLH1, GST-TdWNK5 and GST-WVIP2 were interacting with 9 MBP-TdRF1 while no, or much less interactions were observed when pull-down was carried out 10 with MBP alone bound to the beads. These findings demonstrate the physical interaction between 11 the MBP-TdRF1 E3 ligase and the three proteins identified after two-hybrid screening. 12 13 Expression analysis of the genes upon different stress treatment 14 Since TdRF1 was originally described as up-regulated upon cold and drought treatments 15 (Mastrangelo et al., 2005) , a qRT-PCR expression analysis was carried out on genes encoding 16 TdRF1 interactors to assess if their expression is also responsive to cold and dehydration. 17
Moreover, given the critical role of Abscissic Acid (ABA) in the abiotic-stress signalling, a qRT-18 PCR experiment upon ABA treatement was also carried out. 19
Gene expression in response to cold was assayed on leaves of durum wheat seedlings 20 exposed to 3°C for 24 hours. As shown in Figure 5 , both TdRF1 and the interactor transcripts were 21 transiently up-regulated in response to cold, but TdWNK5 which showed a fluctuating profile 22 ( Figure 5A ). It is remarkable the strong and transient induction of WVIP2, whose expression started 23 after 4 hours of treatment and reached its maximum level of expression after 6 hours, returning to 24 control level after 14 hours. In this expression analysis as well as in that for ABA treatmente the 25 constitutively expressed durum wheat gene encoding Cyclophilin was used as internal reference for 26 transcript normalization (Aprile et al., 2009) . 27
The effect of dehydration on the expression of TdRF1 and its interactor genes was evaluated 28 on leaves of wheat seedlings dessicated for 4 hours. As shown in Figure 5B , TdRF1 was the only 29 up-regulated gene, WBLH1 and WVIP2 transcripts were down regulated , while the expression of 30 TdWNK5 remained unchanged . To assess the dehydration stress, the RWC (Relative Water 31 Content) was calculated for each time point ( Figure 5D ) and the stress responsiveness of the wheat 32 homologue of the barley dehydrin gene, Dhn7 (Choi et al., 1999) , was used as treament control. As 33 internal reference for transcript normalization the constitutively expressed durum wheat gene 1 encoding polyubiquitin was used (Aprile et al., 2009) . 2
Finally, the expression analysis carried out on leaves of wheat seedlings treated with ABA 3 showed a moderate down-regulation for the transcripts corresponding to TdRF1 and all its 4 interactors ( Figure 5C ). The strong up-regulation of the wheat Dhn7 transcripts (Choi et al., 1999 ) 5 demonstrated the effectiveness of the ABA treatment. 6 7
TdWNK5 phosphorylates TdRF1 in vitro 8
A putative phosphorylation site at the C-terminus of TdRF1 sequence was identified by in 9 silico analyses. As previously reported (Mastrangelo et al., 2005) , there are four TdRF1-like genes 10 in Arabidopsis. Based on the gene structure and on the alternative splicing features of the fourth 11 intron, At4g39140 is likely the orthologous gene to TdRF1. Furthermore, At4g39140 was shown to 12 be phosphorylated at the Serine in position 400, corresponding to the HFS(p)FGSR peptide (Durek 13 et al., 2009) . Although the amino acid similarity between At4g39140 and TdRF1 is only about 40%, 14 the peptide containing the phosphosite is highly conserved, suggesting that TdRF1 could also be 15 phosphorylated at the corresponding Serine residue. Since TdWNK5 shares a high similarity with 16 kinase proteins and interacts with TdRF1, it is reasonable to speculate that TdWNK5 17 phosphorylates TdRF1. To verify this possibility an in vitro phosphorylation assay was carried out 18 using recombinant GST-TdWNK5 and MBP-TdRF1 proteins and [γ-32 P]ATP. As shown in Figure  19 6A (lane 1), when GST-TdWNK5 was incubated alone in a reaction buffer containing [γ- To verify the 26S-mediated proteasomal degradation of WBLH1, a protein extract from N. 8 benthamiana leaves infiltrated with Agrobacterium cells carrying the MBP-WBLH1 construct was 9 incubated with or without the proteasome inhibitor MG132. Subsequently, the amount of MBP-10 WBLH1 protein was analyzed over time in the presence or absence of MG132. As shown in Figure  11 8, WBLH1 degradation was delayed in MG132-treated samples. These findings together with the in 12 vitro physical interaction between TdRF1 and WBLH1 strongly support that TdRF1 interacts with 13 WBLH1 and is responsible of its degradation thorough 26S proteasome in vivo. 14 Despite the in silico protein analysis predicts a putative N-myristoylation signal in the amino 15 acidic sequence of TdRF1 (Figure 1 ), the TdRF1 recombinant protein expressed in N. benthamiana 16 was easily purified in the soluble fraction, thus very likely TdRF1 is not membrane anchored. 17
18
WVIP2 is a functional E3 ubiquitin ligase 19
When WVIP2 amino acidic sequence was scanned for the presence of conserved domains, a 20 RING H2 type domain (C-X2-C-X9/39-C-X1/3-H-X2/3-H-X2-C-X1/48-C-X2-C) was identified. A 21 subtype of E3 ubiquitin ligases contains this RING H2 domain, suggesting that WVIP2 might also 22 act as an E3 ligase. To verify this hypothesis, an ubiquitination assay was carried out using WVIP2 23 as E3-ligase candidate. The GST-WVIP2 fusion protein was expressed and purified from E. coli 24 cells and tested for E3 activity in vitro. As shown in Figure 9 (lane 3) GST-WVIP2 showed an 25 extremely high E3 activity when mixed with the human E1, the Arabidopsis E2 (GST-UBC8) and 26 biotinylated ubiquitin, as demonstrated by the strong signal produced by ubiquitinated GST-UBC8 27 and polyubiquitinated GST-WVIP2. This result indicates that WVIP2 has E3 ubiquitin ligase 28 activity in vitro. 29
30
TdRF1 and WVIP2 have opposite effects on cell tolerance to dehydration 31
To verify if the activity of TdRF1 could have an effect on plant response to dehydration 32 stress, Transient-Induced Gene Silencing (TIGS) and over-expression experiments were carried out 33 in barley as previously described (Marzin et al., 2008) . In this transient assay system, after a stress 34 period of 4 days dehydration-stress tolerance is reflected by red fluorescence reporter protein 1
DsRed that is sensitive to denaturing cellular conditions following eventual stress damage. For 2 RNAi experiments, the barley homologues to wheat TdRF1 (TC260641, 96% similarity) and to 3 WVIP2 (TC261227, 93% similarity) as well as JuBEL1 (AF334758) The main challenge in the characterization of the ubiquitination process is the identification 5 of the E3-specific target(s) in order to gain knowledge about the specific cellular processes they are 6 involved in. Thus, using TdRF1 as a bait in a yeast two-hybrid analysis followed by confirmation 7 through pull-down experiments (Figure 4) we demonstrated that the RING-finger protein TdRF1 8 interacts with WBLH1, TdWNK5 and WVIP2. The homeo-transcription factor WBLH1, previously 9 isolated by Mizumoto et al. (2011) , is homologous to HvJuBEL1 (94% of amino acid similarity) 10 which is involved in the control of leaf development (Muller et al., 2001 ) and is part of the BEL1-11 like protein family whose members are involved in various developmental aspects (Mizumoto et al., 12 2011) . TdWNK5 is 75% similar to AtWNK5, a member of the Arabidopsis WNK family of MAP 13 kinases (Wang et al., 2007) . These kinases are mainly known to be involved in flowering time in 14
Arabidopsis (Wang et al., 2008) . WVIP2 is the homologue of AfVIP2 (Wilson et al., 2005) , 15 identified as protein interacting in vitro with AfVP1 and ABI3, respectively the Avena fatua (wild 16 oat) and Arabidopsis homologue to maize Viviparous 1 (Jones et al., 2000) . Since VIVIPAROUS 1 17 is the master regulator of embryo dormancy (McCarty et al., 1991; Vasil et al., 1995) , AfVIP2 has 18 been proposed to be a transcription factor mediating the action of VIVIPAROUS 1 (Jones et al., 19 2000) . Our demonstration that WVIP2 has ubiquitin ligase activity suggests a new point of view on 20 dormancy regulation. VIVIPAROUS1, which is generally expressed during embryo dormancy, 21 could be the target of WVIP2, therefore a mechanism based on ubiquitination could be involved in 22 dormancy breaking. 23
The expression analysis of these three genes together with TdRF1 indicates a general trend 24 of stress responsiveness. All the transcripts, except TdWNK5, were transiently up-regulated after 25 cold treatment ( Figure 5A ), with WVIP2 showing the highest induction level. This pattern is 26 reminiscent of many e-cor (early-cold regulated) genes that exert their function during the earlier 27 response to stress (Crosatti et al., 1999 , Marè et al., 2004 , Mastrangelo et al., 2005 . By contrast, in 28 ABA-treated seedlings the mRNA of all examined genes were rapidly down-regulated ( Figure 5C ). 29
An ABA-related expression was already reported for WVIP2 (Wilson et al., 2005) and AfVIP2 The kinase TdWNK5 regulates TdRF1 by phosphorylation 7
We showed that TdWNK5 is capable to phosphorylate itself as well as TdRF1 8 demonstrating a functional relationship between TdRF1 and TdWNK5. It is known that 9 phosphorylation can directly regulate the activity of RING-based E3s (Deshaies and Joazeiro, 10 2009). For instance, the phosphorylation of the E3 APC/C complex of budding yeast by mitotic 11
Cdc2-kinase enhances ubiquitin ligase activity by a mechanism that appears to involve recruitment 12 of the activator protein Cdc20 (Lahav-Baratz et al., 1995; Rudner and Murray, 2000) . In a recent 13 work Cheng and coworkers (2011) We hypothesized that WBLH1 could be a target of the TdRF1 ubiquitin ligase activity. 27
Despite several in vitro ubiquitination experiments, we failed to detect ubiquitinated forms of 28 WBLH1 (data not shown), but difficulties in the detection of ligase activity on the corresponding 29 targets in vitro are often reported (Liu et al., 2010 ). Nevertheless we demonstrated that TdRF1 30 protein mediates the degradation of WBLH1 in vivo through the 26S-proteasome (Figure 7 and 8) . 31
The contrasting expression profile of TdRF1 and WBLH1 in response to dehydration is in agreement 32 with the degradative action of TdRF1 on WBLH1. The homeodomain WBLH1 protein is part of the 33 small BEL1-like (BLH1) protein family which belongs to the TALE superfamily. BLH1s are 34 transcription factors involved in various developmental aspects like seed shattering, ovule 1 morphogenesis and leaf shape establishment (Mizumoto et al., 2011) . Many BLH1 proteins interact 2 with the KNOTTED1-like homeobox (KNOX) transcription factors which also belong to the TALE 3 superfamily (Bellaoui et al., 2001 ) and regulate morphogenesis (Hay and Tsiantis, 2010) . 4
In developing plant organs the expression of transcription factors like BLH1/KNOXs in 5 specific domains in response to positional information is responsible of differential growth and, 6 consequently, of the morphogenesis. Thus, the degradation of WBLH1 by TdRF1 could affect the 7 pathways of leaf morphogenesis mediated by the KNOX-BEL systems. The implication of the 8 ubiquitin proteasome system in plant development is already well known. Indeed DELLA proteins, 9 a small subset of transcriptional regulators involved in GA (Gibberellic Acid) dependent plant 10 growth restraining, are degraded following GAs level increase through the F-box E3 ubiquitin 11 ligase SLEEPY1 (Achard et al., 2009) . Based on the finding described in this manuscript, we can suggest three scenarios about the 27 interaction involving TdRF1 and WVIP2. The first one hypothesizes the formation of a heterodimer 28 between WVIP2 and TdRF1 to mediate WBLH1 degradation in response to cold, a condition where 29 both genes are up-regulated ( Figure 11A ). The formation of a heterodimer between two E3 RING 30 ubiquitin ligase was also reported for the regulation of seed germination and growth in Arabidospis 31 (Hsia and Callis, 2010) . Alternatively, TdRF1 can act toward both WBLH1 and WVIP2, this 32 hypothesis meets the expression profiles of the two genes in response to drought, where the WVIP2 33 mRNA is down-regulated ( Figure 11B ). In the third scenario TdRF1 and WVIP2 are part of a two 34 steps mechanism where TdRF1 is active in the first phase to propagate the stress responsive signal 1 and then it is removed through WVIP2, when stress conditions eventually disappear ( Figure 11C) . 2 This hypothesis can be aligned to the expression profile of the two genes at low temperature and it 3 results in a transient degradation of WBLH1, whose concentration is then restored by WVIP2. Figure 5D ). 31 ABA treatment of wheat seedlings was carried out as previously described (Marè et al., 2004) . 32
Briefly, 7 days old seedlings sown in peat pot were watered and sprayed with 1mM of ABA 33 solution and then leaves collected during 6 hours. 34 Histidine and added of 10mM of 3AT to inhibit growth due to autoactivation. Several dilution of 34 the transformation mixture were plated on SC medium minus Leucine and Tryptophan to count the 1 number of screened clones, they were 8x10 6 . Positives clones resulted from the screening were 2 further confirmed on SC medium minus Leucine, Tryptophan, Histidine, Adenine, and added with 3 10mM 3AT and with X-Gal for a colorimetric assay. To reduce clone redundancy, positive clones 4 were analyzed by colony PCR. Half reaction was digested using a 4 cutter enzyme and the other 5 half used for Sanger sequencing reaction. Positives clones resulting from this assay were further 6 reconfirmed by inverting bait and prey clones in a retransformation assay. 7 8
Pull down assay 9
For pull down assay 50 µl of MBP-TdRF1 beads were added to 5mL of cleared lysate, obtained 10 from a 50 mL E. coli cultured cells expressing GST-TdWNK5 or WVIP2 or WBLH1 recombinant 11 proteins. The mix was incubated at 4°C for 3 hours. After incubation, the beads were washed three 12 times with TAP buffer and SDS-PAGE buffer was added to the beads and boiled. Proteins were 13 separated on 10% SDS-PAGE, transferred on a PVDF membrane and immunodetected using anti-14
GST antibody. 15 16
qRT-PCR analysis 17
To perform qRT-PCR analysis, total RNA from leaf samples was extracted using TRI reagent® 18 (Ambion) according to manifacturer's instruction. Three 
Transient induced gene silencing (TIGS) and over-expression experiments 32
TIGS and overexpression constructs were generated in plasmid vectors pIPKTA9 and pIPKTA30, 33 and the transient assay for gene function during dehydration stress was performed as described 34 (Marzin et al., 2008) . Briefly, barley leaf segments of cv Golden Promise was bombarded with 1 gold particles (diameter 1 µm) that had been coated with a mixture of plasmid DNA consisting of 2 three different vectors: pGFP (Schweizer et al., 1999) for normalization, pUbi-DsRed-nos for 3 assessment of RNAi effects (Panstruga et al., 2003) , pIPKTA30_Target (RNAi constructs), and 4 pIPKTA9_Candidate (overexpression constructs) as described (Douchkov et al., 2005) . 5
Bombarded leaf segments were incubated in closed petri dishes on phytoagar containing 6 benzimidazole as senescence inhibitor. At 24 h post bombardment GFP-expressing epidermal cells 7 were counted by fluorescence microscopy. For the subsequent exposure to dehydration stress the 8 leaf segments were placed onto filter paper and air-dried to a fresh weight of 60%, relative to the 9 initial fresh weight measured immediately before the dehydration treatment (RFW). The 10 dehydration treatment was carried out at 20°C, 40 ± 5% relative air humidity, natural daylight 11 conditions, and lasted 90 ± 30 min. Control leaf segments remained on water-phytoagar. After the 12 dehydration-stressed leaves had reached the desired RFW, the filter paper was moisturized with 13 0.35 ml H 2 O and petri dishes of 9 cm diameter were closed and sealed with Parafilm ® ( Dehydration-stress tolerance was reflected by red fluorescence of the denaturation-sensitive reporter 7 protein DsRed after a stress period of 4 days. Barley leaves were co-bombarded with GFP-and 8
DsRed-expression constructs in the presence of empty RNAi-or overexpression vectors pIPKTA30 9 and pIPKTA9, or in the presence of candidate-gene RNAi-or overexpression constructs, as 10 indicated below the bar chart. DsRed fluorescence was normalized to GFP fluorescence measured 11 before onset of dehydration-stress treatment, and stress-induced change of DsRed fluorescence in 12 the absence or presence of RNAi-or overexpression constructs was determined relative to empty-13 vector controls (black bars). As control for stress-nonrelated effects of co-bombarded constructs, 14
DsRed fluorescence normalized to empty-vector controls in non-stress fully turgescent leaves is 15 also shown (grey bars). Log(2) transformed values below and above zero indicate enhanced 16 sensitivity and enhanced tolerance to dehydration stress, respectively. One and two asterisks above 17 bars indicate significant construct effects at p<0.05 and p<0.01, respectively (one-sample t-test of 18 log-transformed, relative values against hypothetical value "0"). Ubiquitination assay on TdRF1. MBP-TdRF1 fusion protein was assayed for E3 activity in the presence of the human activating enzyme (E1), the Arabidopsis conjugating enzyme UBC8 fused to GST (E2) and biotinylated ubiquitin (Ub). Samples were resolved on 10% SDS-PAGE, then blotted. The streptavidine-horseradish peroxidase was used to detect biotin-Ub. + and -indicate the presence and the absence, respectively, of the corresponding protein in the reaction mix. The asterisk indicates a band co-purified with MBP-TdRF1 and cross-reacting with streptavidine. MBP-TdRF1 and MBP-TdRF1 together with biotin-Ub were used as control. TdRF1 promotes WBLH1 degradation in vivo. Total protein extract from N. benthamiana leaves, infiltrated with Agrobacterium cell mixes formulated as described over the lanes, were resolved on 10% SDS. After blotting, the MBP-WBLH1, TAP-TdRF1 and Myc-GFP proteins were detected using the corresponding antibodies. pWBVec10-carrying cells were used to normalize Agrobacterium infiltrating cells, the Myc-GFP construct was included in all infiltration mixtures as positive control of plant transformation, and the construct carrying the p19 gene was included as silencing suppressor. The Myc-GFP construct yield two proteins likely due to the presence of an additional truncated form (lower band). As loading control an electrophoretic gel loaded with the same amount of total proteins used in the assay and stained with Comassie Brilliant Blue is shown. Figure 10 . Effect of TIGS and overexpression of TdRF1, WVIP2 and WBLH1 genes on cellular dehydration-stress tolerance of bombarded barley epidermal cells. Dehydration-stress tolerance was reflected by red fluorescence of the denaturationsensitive reporter protein DsRed after a stress period of 4 days. Barley leaves were co-bombarded with GFP-and DsRed-expression constructs in the presence of empty RNAi-or overexpression vectors pIPKTA30 and pIPKTA9, or in the presence of candidate-gene RNAi-or overexpression constructs, as indicated below the bar chart. DsRed fluorescence was normalized to GFP fluorescence measured before onset of dehydration-stress treatment, and stress-induced change of DsRed fluorescence in the absence or presence of RNAi-or overexpression constructs was determined relative to empty-vector controls (black bars). As control for stressnonrelated effects of co-bombarded constructs, DsRed fluorescence normalized to empty-vector controls in non-stress fully turgescent leaves is also shown (grey bars). Log(2) transformed values below and above zero indicate enhanced sensitivity and enhanced tolerance to dehydration stress, respectively. One and two asterisks above bars indicate significant construct effects at p<0.05 and p<0.01, respectively (onesample t-test of log-transformed, relative values against hypothetical value "0"). Figure 11 : Representation of the three proposed scenarios for the interaction TdRF1-WVIP2. A) TdRF1 and WVIP2 form a heterodimer to degrade WBLH1 through the proteosoma 26S after polyubiquitination; B) TdRF1 degrades WBLH1 as well as WVIP2; C) TdRF1 and WVIP2 are part of a two steps mechanism where TdRF1 is active in the first phase toward WBLH1 and then it is removed through WVIP2, This hypothesis results in a transient degradation of WBLH1, whose concentration is restored by WVIP2.
